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I. INTRODUCTION 
Since the announcement about eleven years ago by 
Schwarzenbach and his co-workers (135) of a new volumetric 
method for determining the hardness of water by titration 
with ethylenediaminetetraacetic acid (EDTA or ENTA), the 
applications of chelate chemistry to analytical problems have 
been exceedingly numerous. By and large the most widely used 
sequestering agents have been EDTA and its analogs, although 
there have been many other compounds with similar properties 
suggested and employed. The literature of this field is in­
deed vast, and there are several reviews which attest to this 
rapidly growing phase of analytical chemistry (11, 97$ 98, 99» 
100, 132). 
The versatility of chelating agents, both as analytical 
reagents and industrial chemicals, has resulted in consider­
able research in connection with the synthesis of new and 
different compounds. This has. been especially true in the 
field of EDTA chemistry, for the many quantitative studies 
of its complexes have helped to point the way toward new re­
search goals. However, in most instances, the preparation of 
new chelating agents has been done pretty much on a hit-and-
miss basis just to see what uses a compound of a particular 
structure might have. There has been, though, one paper (148) 
that attempted to approach this problem from a theoretical 
2 
point of view. 
A large portion of the chelating agents in use so far 
coordinate with the metal ion through oxygen atoms. Most 
such compounds contain carboxy groups. This study was made 
to investigate the synthesis of a chelating agent containing 
some group other than this which would still permit oxygen-
to-metal bonds. The use of phosphonic acid groups was decided 
upon. Although there was little precedent for this in the 
literature of analytical chemistry, the use of arsonic acids 
as analytical reagents has been known for some time (128,144), 
and the periodic relations between arsenic and phosphorus 
lead one to believe that this is a fertile field for research 
endeavor. The analytical applications of organophosphorus 
compounds are practically non-existent and will be discussed 
a little later. 
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II. REVIEW OF THE LITERATURE 
A. Nomenclature of Organophosphorus Compounds 
A serious obstacle to the systematic development of 
organophosphorus chemistry has been the confusion resulting 
from a lack of uniformity of nomenclature. Although work on 
such a system is progressing rapidly, all the diversified 
opinions have not been reconciled and there also still exist 
ambiguities resulting from names and terminology already pres­
ent in the literature. There are essentially five general 
systems of nomenclature present in the literature today. The 
first of these dates from rules set forth by the American 
Chemical Society in 1945 (68). In 1950, with the publication 
of Kosolapofffs definitive text concerning the chemistry of 
organic compounds containing phosphorus, a slightly different 
nomenclature was introduced (74). In addition, workers in 
Great Britain have devised their own system for naming these 
compounds, as have the Swedish chemists (77). To help elimin­
ate the confusion, an advisory committee on the nomenclature 
of organic phosphorus compounds was formed as a joint project 
of the United States and Great Britain, and it has in turn 
made further suggestions (42). However, at the present time, 
the literature contains names from all sources ; so caution 
must be exercised in trying to determine just what is meant 
by any given paper. 
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Two examples of the contradiction between the British 
and American systems of naming illustrate the point quite 
adequately. Both countries consider structures of the type 
RP(O)(0H)2 to be phosphonic acids. However, Britain ex­
tends this meaning to compounds like XP(O) (OH)g, where 
X = halogen. Hence, in Britain, ZP(0)(0H)2 is a phosphonate 
whereas in the United States, it is a phosphate. A much 
more serious discrepancy is demonstrated by the use of the 
two acids R2P(0)(0H) and RP(OH)g, as the following illus­
trates : 
Structure American name British name 
R2p(0)0H Phosphinic acid Phosphonous acid 
RP(OH) g Phosphonous acid Phosphinic acid 
The Scandinavians use their own system of nomenclature, 
which is completely different from that used by most of the 
rest of the chemical world. It is set forth according to 
the following principles: 
1) Compounds containing phosphorus(III) of the type 
^P—Z, where Z is any univalent radical, are named 
Z 
phosphines. If all the radicals are linked to the phosphorus 
RO^ 
through oxygen bridges, as in ,P—OR, then the alternate 
RO 
designation of phosphite may be employed. 
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2) Compounds containing phosphorus(V) of the struc-
JO 
ture Px , where Z is again any univalent radical, are 
Z Z 
named phosphine oxides. The term phosphate is used for 
structures like > and the use of phosphonyl is rec-
RO OR 
ommended wherever practicable, as in compounds containing 
halides. 
Table 1 gives a comparison of the various systems of 
naming organophosphorus compounds. 
B. Literature of Organophosphorus Compounds 
The scientifically planned study of organophosphorus 
compounds may be regarded as having begun in the early part 
of the nineteenth century; the esterification of dehydrated 
phosphoric acids with alcohols represents, in all probabil­
ity, the first piece of research in this field (74). Some 
two decades later, around 1840, phosphine derivatives were 
prepared by Thenard and others, and in the succeeding years 
of the nineteenth century the chemistry of organophosphorus 
compounds developed at a rather rapid pace. 
The greatest amount of effort in this field has been 
expended in the purely synthetic aspects. Although the 
theoretical problems had been attacked by many workers, no 
generally applicable foundations were constructed until re-
Table 1. Comparison of nomenclature systems for organophosphorus compounds 
Structure USA—1945® USA—Kosolapoff*3 Britain0 USA—Britain* Sweden0 
RPH2 primary 
phosphine 
primary 
phosphine 
primary 
phosphine 
primary 
phosphine 
primary 
phosphine 
R2PH secondary 
phosphine 
secondary 
phosphine 
secondary 
phosphine 
secondary 
phosphine 
secondary 
phosphine 
R5P tertiary 
phosphine 
tertiary 
phosphine 
tertiary 
phosphine 
tertiary 
phosphiae 
tertiary 
phosphine 
R2PX phosphinous 
halide 
halophosphine phosphinous 
halide 
halo­
phosphine 
RPX2 phosphinous 
dihalide 
dihalophosphine phosphinous 
dihalide 
dihalo­
phosphine 
REX4 phosphorus 
halide 
tetrahalo-
phosphorane 
R2EX3 phosphorus 
halide 
trihalo-
phosphorane 
phosphorus 
halide 
dihalo-
phosphorane 
^Adapted from Ref. 68 
bSee Ref. 74, p. 4 
°Taken from Ref. 77 
^Adapted from Ref. 42 
Table 1. (continued) 
Structure USA—194-5 USA—Kosolapoff 
RP(0)X9 phosphonic phoaphonyl 
dihalide dihalide 
RoP(0)X phosphonic phoaphonyl 
halide halide 
R4PX quaternary phos- quaternary phos-
phonium halide phonium halide 
R%PO tertiary phos- tertiary phos­
phine oxide phlne oxide 
RP(O)(OH)g phosphonic phosphonic 
acid acid 
RpP(O)(OH) phosphinic phosphonic 
acid acid 
RP(OH)p phosphonous phosphonous 
acid acid 
RpPOH phosphinous phosphinous 
acid acid 
(R0)P%2 dihalophosphite dihalophosphite 
Britain USA—Britain Sweden 
dihalophos-
phine oxide 
halophos-
phine oxide 
quaternary 
phosphoni-
um halide 
phosphonic 
dihalide 
phosphinic 
halide 
halophos-
phoran 
dihalophos-
phine oxide 
halophos-
phine oxide 
quaternary 
phoaphonium 
halide 
tertiary 
phosphine 
oxide 
tertiary 
phosphine 
oxide 
tertiary 
phosphine 
oxide 
phosphonic 
acid 
phosphonous 
acid 
phosphinic 
acid 
phosphinous 
acid 
phosphonic 
acid 
phosphinic 
acid 
phosphonous 
acid 
phosphinous 
acid 
phosphorodl-
halidite 
dihydroxyphos-
phine oxide 
hydroxyphos-
phine oxide 
dihydroxy-
phosphine 
hydroxy-
phosphine 
oxydihalo-
phosphine 
Table 1. (continued) 
Structure USA—1945 USA—Kosolapoff Britain USA-Britain • Sweden 
(RO)2PX halophosphite halophosphite dioxyhalo-
phosphine 
phosphoro-
halidite 
dioxyhalo-
phosphine 
ROP(OH)2 primary-
phosphite 
primary 
phosphite 
primary 
phosphite 
primary 
phosphite 
oxydihydroxy-
phosphine 
(RO)2POH secondary 
phosphite 
secondary 
phosphite 
secondary 
phosphite 
secondary 
phosphite 
dioxyhydroxy-
phosphlne 
(RO)^PH tertiary 
phosphite 
tertiary 
phosphite 
tertiary 
phosphite 
tertiary 
phosphite 
trioxy-
phosphine 
ROP(O)X2 dihalo-
phosphate phosphorodi-
halidate 
oxydihalo-
phosphine 
oxide 
(RO)2P(0)X halophosphate halophosphate halophos-
phonate 
phosphoro-
halidate 
dioxyhalo-
phosphine 
oxide 
(RO)^P(O) phosphate phosphate phosphate phosphate trioxyphos-
phine oxide 
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cent years when there began a more basic approach to the vari­
ous aspects of the subject. The bulk of the contributions 
to present-day knowledge of the organic chemistry of phosphor­
us have been the products of a relatively few major investi­
gators. The strictly synthetic aspect of organophosphorus 
compounds is best emphasized by the work of Michaelis, who 
was unquestionably the outstanding worker in this field from 
about i860 to 1900. The founder of the present Russian 
school was Arbuzov, whose significant contributions have con­
cerned the isomerization reactions of derivatives of trivalent 
phosphorus. The present leader in the United States is 
Kosolapoff, whose definitive work has concerned both prepar­
ative aspects as well as theoretical considerations. 
In very recent times, the pendulum has again swung to­
ward the preparative approach. This has been especially true 
since organophosphorus compounds have found wide application 
to such things as surface-active agents, lubricating oil 
additives, plasticizers, insecticides, and drugs. Of partic­
ular interest of late have been phosphorus compounds also 
containing sulfur, and many procedures for preparation of 
such are to be found in the very recent literature. 
G. Applications of Organophosphorus Compounds 
to Analytical Chemistry 
The applications of organic compounds of phosphorus to 
analytical problems are represented by only three papers in 
10 
the literature» Banks and Davis (2) studied the analytical 
applications of the reaction of thorium with benzenephosphon-
ic acid and found that thorium was quantitatively precipi­
tated as low as pH 0.5. The precipitate was dried at 140° 
to 180° and weighed as Th(C^E^PO^)g.^SgO. Skoog and co­
workers (3, 4) investigated the precipitation of iron(III) 
with benzenephosphinic acid. Satisfactory separations of 
iron from relatively large quantities of manganese, cadmium, 
nickel, cobalt, arsenic, phosphorus, magnesium, and the 
alkaline earth metals were obtained» Westerback and Martell 
(145) studied N,N,NT,Nf-tetrakis-(phosphonomethyl)-
etnyienediamine ( ethylenediaminetetramethylphosphonic acid), 
and while they suggested that it possessed chelating proper­
ties, there was no extension of this to analytical problems. 
D. General Methods of Preparing Phosphonic Acids 
Phosphonic acids are among the most stable derivatives 
of organophosphorus compounds in terms of thermal treatment; 
anhydride formation is difficult and only extremely high 
temperatures result in cleavage of carbon-phosphorus linkages. 
In addition the phosphorus is in its highest valence state 
and so special precautions are not necessary to prevent its 
unwanted oxidation. 
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There are numerous methods given in the literature for 
the preparation of phosphonic acids, some of which are ap­
plicable only to specific compounds and others which are 
more general in character. It is the latter group that is 
included here, for many of the methods for the synthesis of 
special compounds are rather elegant. Not included in the 
discussion below are such obvious things as the saponifi­
cation of esters or the hydrolysis of halides of phosphonic 
acid. 
1. Reaction of triaryl phosphites with alcohols 
When a triaryl phosphite is heated with an alcohol to 
about 200°C, a reaction takes place in which a dialkyl 
alkanephosphonate forms: 
(Ar0),P4-5R0E >RP(0}(0R)2+ 3ArOH 
The reaction is carried out preferably with a substantial 
excess of the alcohol, and yields satisfactory amounts of 
the phosphonata when a rather small R radical is used (112). 
2. Reaction of olefin oxides with dialkyl phosphites 
Olefin oxides, such as ethylene oxide do not react with 
free dialkyl phosphites, but a brisk reaction takes place 
when the sodium salt of the esters is used (26). Treatment 
of the reaction mixture, usually in an inert solvent, with 
12 
dilute acid results in the isolation of a dialkyl 
hydroxyalkanephosphonate: 
i 1 dil. 
(RO) gPONa +• CH2— CH2— 0 —> (RO) 2P( 0 ) CSgCHgOH 
2. Addition of phosphorus(7) chloride to unsaturated 
linkages 
Phosphorus(7) chloride adds to olefins and acetylenes 
to behave like CI-PCI4, with phosphorus adding to the termin­
al carbon atom. Hydrolysis of the resulting products with 
water followed by partial evaporation of the reaction solvent 
results in the isolation of phosphonic acids (142, 48, 7, 8, 
9, 10). The principal requirement is that a primary olefin 
be used, or at least a compound with a sterically exposed 
double bond (like indene). The hydrolysis step usually not 
only converts the tetrachloride into the phosphonic acid but 
also removes a molecule of hydrogen chloride to give the 
final product the structure of an unsaturated phosphonic acid: 
HOE 
RCH:CH2 + PC1JJ-> RCHC1CH2PC14 » RCH:CHP(0) (0H)2. 
The use of phosphorus(V) chloride, per se. may be replaced 
by passing chlorine into a solution of the unsaturated com­
pound and phosphorus(III) chloride to form PCl^ in situ (75)> 
and the hydrolysis step may be replaced by alcholysis to give 
the corresponding esters of the phosphonic acids (73)• 
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4. Reaction of aromatic compounds -with phosphor us (III) 
chloride in the presence of aluminum chloride 
This modified version of the Friedel-Crafts reaction 
was first employed by Michaelis (105,106) although his pro­
cedure was tedious and the yields were very low, A somewhat 
simplified procedure was developed as a result of a theoret­
ical study made by Kosolapoff and Huber (76) and they ob­
tained yields of over 80%. The overall representation of 
the reaction may be shown by 
AICI3 ROE 
ArH+ PCl^ 4 ArPCl2+ Cl2-^ArPCl4 »ArP(0) (0R)2. 
5. Reaction of organic halides with phosphorus(III) 
chloride in the presence of aluminum chloride 
Recent British work (116, 69) dealt with the synthesis 
of phosphonic acids and their derivatives by adding an organ­
ic halide, RC1, to phosphorus(III) chloride, in the presence 
of aluminum chloride and subjecting the resulting compound 
to hydrolysis to give the desired product. The first step 
of the reaction was generally carried out in a sealed tube 
at an elevated temperature and yielded an "aluminum complex.0 
Controlled hydrolysis produced either the phosphonic di-
chloride or the phosphonic acid, depending upon the condi­
tions and the amount of water used. The steps in the reac­
tion may be represented in the following manner: 
HpO H«0 
RC1 + PCI3 -HA1C13-^RPC14.A1C15—^ RP(0)C12-£>RP(0) (0H)2 
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6. Addition reactions of carbony1 compounds 
These reactions have been employed for many years and 
have been subjected to close study in attempts to elucidate 
their mechanisms. There are numerous experimental varia­
tions available, with different conditions resulting in 
different products. Accordingly, only very general state­
ments can be made concerning this class of reactions. 
a. Addition of carbonyl compounds to substances with 
a phosphorus-hydrogen linkage. Aldehydes and ketones add 
to derivatives of phosphorus in which a phosphorus-hydrogen 
bond is present to yield the corresponding hydroxy substi­
tuted derivatives. For the preparation of phosphonic acids, 
the reaction in its most usual form involves such an addition 
to phosphorous acid: 
ECHO +• HP(o) (OH) 2—>RCH0HP(0) (OH) 2 
The reaction is carried out by heating the components on a 
water bath for a prolonged period of time, frequently sever­
al days. The hydroxyphosphonic acids produced are quite 
stable to oxidation and no special precautions are generally 
necessary. Most of the initial work on reactions of this 
type is contained in a series of papers by Marie, published 
about the beginning of the twentieth century (83, 84, 85, 86, 
87, 88, 8?, 90, 91, 92, 93, 94). 
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b. Addition of carbony.l compounds to halides of 
trivalent phosphorus. Several variations of this reaction 
have been reported. Early work (44, 45, 115) indicated that 
the combination of one mole of phosphorus(III) chloride with 
three moles of an aldehyde yielded, upon subsequent treat­
ment with water, one mole of a hydroxyphosphonic acid: 
HpO 
PCl^-t- 3RCH0 * > RCH0HP(0) ( OH) 2. 
If an aldehyde or a ketone is added to an equimolar 
amount of a trivalent phosphorus halide, and the resulting 
mixture is hydrolyzed, the product is a hydroxy substituted 
phosphonic acid. Conant, _et al. studied this reaction close­
ly and reported their results in a series of classical 
papers (28-38). Even though parts of the mechanism of this 
reaction have still not been satisfactorily been explained, 
the over-all picture may be represented in the following way: 
HpO 
ECHO 4- PCI3 > ECHOHP(O) (OH) 
The end product is the same as in the previous equation. 
More recent studies, especially those inaugurated by 
Kabachnik and his coworkers (51, 55, 56, 57, 58, 59, 60, 6l, 
62, 63, 67) have been concerned with the reaction between 
carbonyl compounds and PCl^ under pressure. Since this was 
the method employed in this study for the preparation of 
chloromethylphosphonic acid, it will be discussed in more 
detail later. 
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7. Oxidative phosphonation 
This class of reactions had its origin in the experi­
mental work of Willstatter (149) and essentially involves 
reactions starting with an oxidizable form of phosphorus. 
The early work produced a very cumbersome procedure ; 
phosphorus and an olefin were mixed intimately in an atmos­
phere of oxygen. Careful hydrolysis followed by treatment 
with nitric acid produced a phosphonic acid. 
à more modern version was originally developed as a 
method for preparing phosphonic halides. However, hydrolysis 
of the halide produces the corresponding phosphonic acid. 
The technique is relatively simple, and was first thoroughly 
investigated by Clayton and Jensen (27). They found that 
any hydrocarbon having at least one aliphatically bound 
hydrogen atom was converted to the corresponding phosphonic 
dichloride upon being dissolved in phosphorus(III) chloride 
and treated with a stream of oxygen. The yields were somewhat 
low, with the maximum of about 25% being obtained when equi-
molar amounts of the reagents were used. 
8. Oxidation of phosphines. phosphonous acids, phosphinous 
acids, and their esters 
Air oxidation of primary phosphines results in the 
formation of phosphonous acids (49). The use of more ef­
17 
fective oxidizing agents, such as nitric acid, potassium 
permanganate, or alkali metal dichromates yields phosphonic 
acids, although a more convenient method is to use sulfur 
dioxide (70, 104, 107). 
Esters of phosphonous or phosphinous acids can be 
readily oxidized to the corresponding phosphonates by 
treatment with a stream of oxygen, although a smoother re­
action results from the addition of one mole of bromine, 
followed by treatment with water or alcohol (110). 
9» Oxidation of compounds with phosphorus-to-sulfur linkages 
Drastic oxidation of any substance that has one or two 
organic radicals attached to the phosphorus atom, the re­
maining valence(s) being bound to sulfur in any form, results 
in the formation of the corresponding phosphonic or phosphinic 
acid, with the elimination of sulfur. The reagents usually 
used are hot nitric acid or bromine water (82) or sodium 
hypobromite (81). While this may not seem to be a very prac­
tical method because of the necessity of having the sulfur-
containing compound, it does have a certain degree of appli­
cation. Warming primary phosphines with elemental sulfur 
results in products that may be regarded as primary 
thiophosphinous acids, REH(SH). These can then be treated 
as above to produce phosphonic acids (80). 
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10. Pisproportionation of phosphonous acids 
While this method has been known far many years, it 
is a poor synthetic procedure which is complicated by the 
evolution of odorous and toxic phosphines. When phosphonous 
acids are heated, the products are primary phosphines and 
phosphonic acids, according to the following equation (104): 
3RP02H2 > RPH2 +• RP(0) (OH)2 
The phosphonous acid necessary for the above reaction 
can be prepared by the hydrolysis of primary dihalophosphines 
(108, 109). 
11. Reactions of diazo compounds with phosphorus(III) 
halides 
At low temperatures, it has been found that diazoalkanes 
react satisfactorily with phosphorus(III) halides to give 
haloalkylphosphinous dihalides (1^0-151). This reaction is 
usually carried out in dry ethyl ether. Treatment of the 
phosphinous dihalide with nitrogen dioxide converts it to 
the haloalkylphosphonic dihalide, which can be readily hy-
drolyzed to the corresponding acid. 
12. Addition of dialkyl phosphites to unsaturated 
compounds 
This is probably the only recently developed method 
without literature precedence. It was first reported by 
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Bochwic and Hichalski (14), who employed compounds contain­
ing a carbon-carbon double bond in an alpha-position to an 
electron-withdrawing group. Further study of this reaction 
was carried out by Pudovik and his coworkers (118-127), and 
they employed a variety of compounds. 
Medved and Kabachnik (54, 101, 102) modified this re­
action and used it to prepare aminophosphonic acids; they 
did not use unsaturated starting materials. Their reaction 
may be represented as follows: 
R2C0 +• +• (RO) 2raO—> R2C(NH2)P0(0R) 2. 
Both ketones and aldehydes were used as starting materials. 
E. Methods of Determining Stability 
Constants of Metal Chelates 
Since all of the metal-ion chelating agents behave as 
poly-basic acids, a knowledge of the concentration of the 
various ionic species of the acids is essential if the 
stability constants of complexes are to be computed from 
almost any sort of data. Schwarzenbach, Willi, and Bach 
(159) derived the equations and the procedure generally 
used for the determination of the ionization constants of 
amino-acid chelating agents. This method permits the cal­
culation of all four ionization constants of EDTA from one 
pH titration. Since an extension of their method was used 
in this study, a complete derivation of the necessary 
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equations is given in Section ~PT - G. 
Host of the work on the determination of stability 
constants of metal chelates with amino-acid chelating agents 
has been done by Schxvarzenbach in collaboration with a num­
ber of co-workers (1, 131, 133, 134, 133, 137) and Hartell 
and his colleagues (19-25, 40). Both of these groups of 
workers used the potentiometric pH method for the determina­
tion of stability constants. In addition to this method there 
have been several other methods used, all of which can be 
divided into five general types : Potentiometric (pH), 
potentiomctric (redox), polarographic, spectrophotometries 
and radioactive exchange. Loomis (79) and more recently 
Wheelwright (146) gave complete reviews of these methods 
also deriving the necessary equations involved in each. Thus, 
no attempt will be made here to analyze completely all of 
these methods. However, for reference purposes, a brief 
qualitative description of each general type is given. Since 
it is easier to discuss the methods in terms of specific 
examples, EDTA will be used for this. 
1. Potentiometric (pH) 
In the presence of an excess of a soluble salt of a 
metal with which it forms a stable chelate, the third and 
fourth hydrogens of EDTA are more acidic in character. This 
increase in acidity formed the basis by which Ackermann and 
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âchwarzenbacn determined the stability constants for the 
complexes of EDTA with the alkaline earth metals (1). He 
found that this procedure was satisfactory providing the 
complex formed wa s of low or intermediate stability. If 
the complex is very strong, accurate interpretation of the 
pH measurements is not possible. 
A procedure for determining the stability constants of 
especially stable EDTA complexes has been described by 
Schwarzenbach and Freitag (13&). This method is based on 
the competition between EDTA and another chelating agent 
for the ions of a heavy metal. An auxiliary metal, which 
does not form a stable complex with the other chelating agent 
in question, must also be present to compete with the heavy 
metal for the EDTA. VThen such a system is titrated with a 
base an exchange reaction occurs whereby the auxiliary metal 
is complexed by the EDTA while the heavy metal is released 
from its EDTA complex and in turn is complexed by the other 
chelating agent present. For each point on the titration 
curve the constant for this exchange reaction can be deter­
mined. Knowing this, the overall ionization constant for 
the other complexing agent present, and various stability 
constants, the stability constant for the heavy metal with 
EDTA can be calculated. 
22 
2. Potentiometric (Redox) 
The determination of stability constants by emf measure­
ments of a metal in equilibrium with a chelate of the metal 
was first attempted by Riley and Gallafant {129), who worked 
with copper concentration cells, one compartment of which 
contained copper in equilibrium with the glycinate ion. The 
free copper(II) ion concentration was calculated from the 
potential and dissociation constants were calculated assuming 
various complexes, like CuGg, CuG^™", and CuG4=. 
Schwarzenbach and Heller (137) made a thorough study of 
the iron-BBTA system to determine the oxidation-reduction 
equilibria as well as the stability constants of the various 
iron(II) and iron(III) complexes. A series of titrations of 
iron(II) sulfate in the presence of excess EDTA with iodine 
using a gold electrode were made. Various buffer systems 
were used to maintain the solutions at a constant pH for each 
titration and to permit the titrations to be made over a wide 
range of pH. The normal stability constants of the iron(XI)-
EDTA and lron( III) -EDTA complexes as well as the hydrogen 
and hydroxide substituted complexes were then calculated 
from the titration data. 
3. Polarographic 
Lingane (78) has described in detail the application of 
polarographic measurements to the investigation of equilibria 
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involving complexes and chelates of metals. In general, 
complex formation results in a shift of the reduction po­
tential of a metal at the dropping-mercury electrode to more 
negative values. Under certain limitations, potential and 
concentration measurements may be used for calculating both 
the formula and the stability constant of a chelate. It 
should be emphasized that most systems investigated by 
po]a:cographic measurements do not give reversible potentials 
and it is necessary to demonstrate the existence of equilib­
rium conditions in order for the appropriate equations to 
apply. 
The most common use of polarographic data in calculating 
stability constants is to use the polarograph to measure the 
equilibrium concentration of a free metal ion. This method 
was utilized by Wheelwright, Spedding, and Schwarzenbach (147) 
to determine the stability constants of the rare earth com­
plexes with EDTA. In this method a buffered solution con­
taining the disodium copper salt of EDTA and a salt of a rare 
earth metal in equimolar amounts was allowed to equilibrate. 
At equilibrium an amount of copper had been freed which de­
pended upon the relative competition of the copper and the 
rare earth ions for the EDTA. The constant of this exchange 
reaction was calculated by measuring the amount of free cop­
per polarographically and using simple 1:1:1 ratios of the 
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copper to rare earth to EDTA. The "exchange constant" was 
shown to be the ratio of the stability constant of the rare 
earth-EDTA complex to that of the eopper-EDTA complex. Thus, 
knowing the eopper-EDTA constant, the stability of the rare 
earth-EDTA chelate was calculated. 
4. Spectrophotometry 
Investigation of stability constants of metal chelates 
by an optical method usually, though not necessarily, involves 
prior knowledge or an assumption concerning the formula of 
the chelate being investigated. 
The absorbance of the solution is used to determine the 
relative concentrations of one of the components (usually the 
chelate) involved in the equilibrium. This involves the as­
sumption that only one substance appreciably absorbs or that 
interference from other absorbing materials may be overcome 
by applying a correction, and that Beer1 s law holds for the 
substance being measured. 
Kolthoff and Auerbach (71) determined the stability con­
stant of the iron( III)-EDTA complex by determining the con­
centration of the complex spectrophotometrically in solutions 
having a pH of about 1. In this region not all of the iron 
is complexed due to the competition of the hydrogen ions for 
the EDTA. Knowing the pH of the solution, the ionization 
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constants of EDTA, the total iron present, and the amount 
of iron completed as measured spectrophotometrically, the 
stability constant for the iron-EDTA complex can easily be 
calculated. 
Martell and Plumb (96) obtained ratios of stability con­
stants by a competition reaction in a manner similar to the 
polarographic method. In this case, the concentration of one 
of the metal complexes with EDTA was measured spectrophoto­
metrically. 
5. Radioactive exchange 
Cook and Long (59) studied the exchange reaction of a 
metal-EDTA complex with a radioactive species of the metal 
ion. In this method the solution of the metal complex was 
mixed with a solution containing a radioactive isotope of 
the same metal. Aliquots were taken at measured time inter­
vals and the free metal ions precipitated with sodium 
hydroxide or ammonium hydroxide. The amount of radioactive 
isotope that had entered into the complex due to the exchange 
reaction was computed from the activity of the filtrate. 
The fractional exchange, when plotted as a function of time 
gave approximately a straight line. This line was extrapolat­
ed to zero time to yield the "instantaneous exchange" at the 
time of mixing. This was a measure of the free metal ions 
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present in the solution before nixing, just from the dis­
sociation of the complex. From the free metal ion concen­
tration measured in this manner, the known acidity of the 
solution, the initial concentration of EDTA, and the ioniza­
tion constants of EDTA, the stability of the metal complex 
was then computed. 
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III. PREPARATION STUDIES 
A. Basis for Preparation of 
l-T,N.,ivf ,NT-Tetrakis-( phosphonomethyl) -1, 2-Cyclohexaneaiamine 
One of the general methods for the preparation of 'EDTA 
and related compounds involves the condensation of an amine 
with a halo acid, generally a chloro acid, in an alkaline 
solution. Thus, to prepare 3DTA, ethylenediamine is reacted 
with chloroacetic acid in a solution made basic with sodium 
hydroxide. Michaelis and Schubert (111) studied the reaction 
of halo acids on amines and amino acids, although they were 
not interested in preparing chelating agents. Their publish­
ed procedure is quite simple. In some cases the stoichiomet­
ric amount and in other cases a slight excess of the halo 
acid was added to the amine or amino acid and sufficient ex­
cess potassium hydroxide was added to neutralize the acids 
and to neutralize the hydrogen halide formed during the re­
action. They were not specific about the amount of water 
added in any of the procedures. The solution was heated to 
80°C in a water bath for about one hour and the products 
were then separated. In some cases they indicated that the 
solution could be allowed to stand at room temperature for 
about three or four hours rather than heating for the short­
er reaction time. 
Schlapf er and Bindler ( 130) used chloroacetic acid to prepare 
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N,N,N* ,Nf-tetrakis( carboxymethyl)-l,2-cyclohexanediamine. 
They indicated that the chloroacetic acid was neutralized at 
a temperature of no more than 10°C. The diamine was then 
added and the mixture was warmed to 70°C. Sodium hydroxide 
was added so that the solution was kept uniformly alkaline. 
Finally, the mixture was stirred for 5 hours at 95°C. The 
added precaution in this preparation regarding the tempera­
ture is apparently needed on a large-scale commercial pre­
paration to prevent the hydrolysis of the chloroacetic acid 
to glycolic acid by the action of the sodium hydroxide at 
higher temperatures. This is also why the base was added 
dropwise during the reaction. Bersworth (13) followed a 
similar procedure in one of his patents. 
It is obvious that this method of preparing chelating 
agents is quite versatile: there is nothing particularly 
specific about it, and about any kind of acid group can be 
attached to about any amine. Bersworth (12) used this method 
to prepare N,N,N* ,NT-tetrakis-(phosphonomethyl)-ethylene diamine. 
The diamine was dissolved in enough water to give a 60% solu­
tion and sodium hydroxide was added to give a pH of 10 or 11. 
Chloromethylphosphonic acid was dissolved in enough water to 
give a 30% solution and an excess of sodium carbonate was 
added. The amine solution was then heated to refluxing temper­
ature and the solution containing the phosphonic acid was 
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added slowly with stirring. After the addition of all the 
phosphonic acid, the mixture was allowed to reflux for about 
five hours, and after cooling, it was treated so as to separ­
ate the desired product. The tstra-substituted compound was 
obtained by adding enough phosphonic acid to give a 4:1 ratio 
of phosphonic acid to amine. In general, it was found that 
the use of less than four moles of phosphonic acid per mole 
of amine resulted in the formation of a mixture of variously 
substituted products; however Bersworth was able to alter 
reaction conditions slightly and achieve a fair yield of the 
dieubstituted product. This reference also covers another 
method of preparing the di-substituted compound. In this 
case, aminomethylphosphonic acid is used in conjunction with 
1,2-dichloroethane in a mole ratio of 2:1. 
The reaction between a halo-phosphonic acid and a diamine 
was chosen as the means of preparing the compound under study 
here. Since Bersworth had already reported the ethylenediamine-
based compound, it was decided that 1,2-cyclohexanediamine 
would be used in this study, for an extension of the compari­
son of the chelating properties of N,N,NT,NT-tetrakis-
( carboxymethyl')-1,2-cyclohexanediamine indicates considerable 
similarity should be expected. 
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A systematic name for the compound under study here is 
N,N,Nf,Nr-tetrakis-(phosphonomethyl)-1,2-cycXohexanediamine; 
more conveniently, it might be named 
cyclohexanedlaminetetramethylphosphonic acid, or simply GDTMP 
for short. 
B. Preparation of Chloromethylphosphonic Acid 
Because of the method chosen for the preparation of 
CDTMP, it was first necessary to prepare chlaromethylphosphonic 
acid. Several methods have been reported in the literature 
for the preparation of this compound, most of which are 
simply variations on one main theme — the reaction of 
phosphorus(III) chloride with formaldehyde. 
1. Methods suggested in the literature 
Prat, Bourgeois, and Ragon (117) treated 1 mole of 
phosphorus(III) chloride with 3 moles of formaldehyde with 
cooling and heated the resulting viscous mass on a water bath 
for an hour. It was allowed to stand at room temperature for 
24 hours and was then poured into 4 liters of water. The 
solution was evaporated and the residue redissolved, with 
this procedure being repeated several times to remove all 
hydrogen chloride. After 24 hours in a dry, inert atmosphere 
long flat prisms of hydroxymethylphosphonic acid were obtained. 
This acid was purified by preparing the barium salt, suspend­
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ing this in water and boiling with sulfuric acid. From this, 
chloromethylphosphonic dichloride was prepared by moderately 
heating the hydroxy acid with phosphorus(V) chloride, using 
3 moles of phosphorus(V) chloride per mole of acid. Frac­
tional distillation of the mixture followed by hydrolysis 
with water finally gave chloromethylphosphonic acid. 
More recently, Nannard, et al. (113) used a method quite 
similar to this. They added 3 moles of paraformaldehyde to 
1 mole of phosphorus(III) chloride over a 45-minute period, 
keeping the temperature of the mixture between 40° and 45°. 
After the addition of all the paraformaldehyde, the mixture 
was heated at 60° - 650, which caused the evolution of 
hydrogen chloride and a gradual temperature rise to about 80° 
after which the heating was continued for 2 hours. The re­
sulting "complex" was poured into 2 liters of water at 0°C, and 
after filtering, the filtrate was concentrated to about one-
eighth its original volume. This was then treated by one of 
two methods: In the first method, the solution was diluted 
with 300 mis. of absolute ethanol, distilled to remove any 
xmreacted formaldehyde and finally the fraction boiling at 
80° at 0.1 mm Eg pressure was collected, cooled, and allowed 
to crystallize. In the second method, the filtrate was 
merely concentrated, in vacuo until crystallization occurred. 
By either method, crude hydroxymethylphosphonic acid was ob-
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tainea. This was purified, by recrystallization from an 
ethanol-ethyl acetate mixture and was treated with thionyl 
chloride in a benzene-pyridine mixture to finally yield 
chloromethylphosphonic dichloride. 
Kabachnik and co-workers (32, 33, 65, 66, 67) investi­
gated the reaction between phosphorus(III) chloride and 
formaldehyde and found a more direct method of preparing 
chloromethylphosphonic dichloride. As a result of their 
studies, they found that while the formation of 
1-chlorophosphonic dichlorides by a high temperature reaction 
of phosphorus(III) chloride with aldehydes and ketones was a 
general reaction, the yields obtained and conditions neces­
sary varied greatly with the nature of the carbonyl compound. 
Especially poor results were obtained with formaldehyde, and 
it was necessary to employ rather drastic conditions in order 
to achieve a satisfactory yield. 
Essentially, their reaction consisted of subjecting a 
mixture of paraformaldehyde and phosphorus(III) chloride to 
high temperature and pressure. The required pressures were 
obtained by either carrying out the reaction in a sealed tube 
or by using an autoclave. They also tried a vapor-phase re­
action between phosphorus(III) chloride and formaldehyde gas 
but found that this proceeded too vigorously to be controlled. 
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Crofts and Kosolapoff (41) used a similar procedure 
to prepare various aliphatic phosphonic acids in order to 
study their dissociation constants, and their work was used 
as the basis for the procedure developed here for the syn­
thesis of chloromethylphosphonic acid. 
2. Materials and apparatus 
Phosphorus(III) chloride. Analytical reagent. Boiling 
range 75°-76°C. Obtained from Mallinckrodt Chemical Works, 
New York. Used without further purification. 
Paraformaldehyde. Obtained from Mallinckrodt Chemical 
Works, Hew York. Used without further purification. 
Reaction tubes. Constructed from medium-wall borosili­
cate glass tubing. The main body of the tube was about 20 cm. 
long and 5 cm. in outside diameter. Attached to this was 
another piece of tubing about 10 cm. long and 1 cm. in outside 
diameter. The total volume was approximately 400 mis. 
The reaction flasks, condensers, addition funnels, and 
associated apparatus used were constructed of Pyrex brand 
glass and were fitted with standard-taper ground-glass joints. 
Magnetic stirrers. "Magna-Stir." Manufactured by 
Labline, Inc., Chicago. 
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Steel pipe. Used as safety shields for glass tubes 
during high temperature phase of reaction. Constructed of 
12-inch lengths of 25-inch pipe threaded at both ends and 
fitted with pipe caps. 
3. Preparation and purification 
The reaction was divided into two distinct steps. The 
first, or preliminary step, was carried out in an ordinary 
reaction flask. The second step required elevated temperature 
and pressure and was run in a sealed tube. 
Twenty grams of paraformaldehyde were placed in a 
500-ml. two- or three-necked reaction flask. A reflux con­
denser and an addition funnel were put in place. Stirring 
was necessary during this step of the synthesis, and it was 
convenient to use a magnetic stirrer. Ninety milliliters 
(142 g.) of phosphorus(III) chloride were placed in the 
addition funnel. About 15 mis. of this were added rapidly 
to the paraformaldehyde. After a few minutes, a rather vig­
orous reaction took place, during which considerable heat 
was evolved and most of the paraformaldehyde went into solu­
tion. When this reaction had subsided completely, stirring 
was begun and the remainder of the phosphorus( III) chloride 
was added in a dropwise fashion at the rate of about 5 mis. 
per minute. After all the phosphorus(III) chloride had been 
added, the mixture was allowed to stir for an additional 10 
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minutes. Then, it was sealed into one of the glass tubes de­
scribed earlier. 
The tube was placed inside the steel pipe and this 
assembly was put into an oven which had been brought to a 
temperature of 240°-250°C. During the first two hours of 
heating, the pipes were removed from the oven at 30-minute 
intervals and shaken briefly in order to thoroughly mix the 
content s of the sealed tubes. The total heating period was 
12 hours. 
After the pipe had cooled to room temperature, the 
sealed tube was taken out and its contents removed. At this 
stage the product was dark brown or black in color. Unless 
it was to be treated further at this point, it was stored in 
a glass-stoppered bottle. Since the next step involved frac­
tional distillation, it was convenient to wait until five 
or six sealed-tube reactions had been ran and treat them all 
at once. 
The distillation step was carried out in an all=glass 
system under reduced pressure. The total volume of crude 
product handled during each distillation was about 600 mis. 
A 25~cm. Vigreaux column was used to obtain a cleaner separ­
ation of the crude mixture. A water aspirator provided the 
necessary reduction in pressure, and a manometer and capillary 
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"bleeder" were used to control and measure the pressure. 
Critical control of this was not necessary; a variation of 
several millimeters of mercury either way caused no particu­
lar harm. 
The first fraction of the distillation was the excess 
phosphorus (III) chloride remaining in the reaction mixture. 
This came off quite readily and the water aspirator was opera­
ted at full capacity, even though the manometer never did 
show a pressure less than about 20 centimeters of mercury. 
After the removal of all the phosphorus (III) chloride, it was 
possible to adjust the pressure to the desired value and col­
lect the chloromethylphosphonic dichloride. 
The dichloride was the fraction boiling between 93°C and 
98°C at 17 mm. of Eg pressure. This was a very pale yellow, 
heavy liquid. The yield was about 65%. 
Simple hydrolysis of chloromethylphosphonic dichloride 
gave chloromethylphosphonic acid. This was accomplished by 
slowly adding the dichloride to an excess of water with stir­
ring. The amount of excess water was not at all critical, 
but the larger the excess the faster it was possible to carry 
out the hydrolysis, Eowever, in order to isolate the free 
acid, the water must be removed by vacuum evaporation; so 
this must be taken into account. It was found that a 50% ex­
cess of water was a reasonable and proper amount to use. 
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After the hydrolysis, it was round that the most con­
venient way to remove the water was by vacuum evaporation 
with the application of very little or no heat. Under no 
circumstances was the temperature of the mixture allowed to 
rise above 30°C. The removal of water was accomplished by 
placing the solution in a two-piece resin flask and setting 
up equipment as for an ordinary vacuum distillation. A water 
aspirator was again used to reduce the pressure, and it was 
operated at full capacity. Generally, two or three days were 
necessary in order to remove enough water from a hydrolysis 
mixture originally containing about 250 grams of dichloride 
to give a solid that could be worked with. The solid was dis­
solved in a minimum amount of water and treated with decolor­
izing charcoal and filtered. The filtrate was again subjected 
to the vacuum evaporation procedure. When a solid had again 
formed, this was quickly transferred to a vacuum desiccator 
containing phosphorus(V) oxide for the final drying step. 
The final product, as isolated, was an off-white, 
hygroscopic crystalline solid. Kosolapoff (105) reported a 
o o 
melting point of 85 -86 C ; the observed melting point was 
84°-85°0. 
4. Mechanism of reaction 
Kabachnik and Shepeleva (66) studied in some detail the 
mechanism for the reaction between phosphorus (III) chloride 
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and formaldehyde. They concluded that the reaction proceeded 
in essentially four steps. The first step was the attaching 
of three formaldehyde groups to the phosphorus(III) chloride: 
PCl^ 3CH2O—>P(OCH2CI)5 . 
This step occurred at ordinary temperatures. For the follow­
ing steps, the increased temperature and pressure were neces­
sary. The oxidation of the phosphorus took place in two 
steps : 
P(OCHgCl) ^ » CH^^e£OCH2C 1) 2 
CHg-PJtOCHgCl) 2—> C1CH2$(GCHgCl) 2. 
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This reacted with additional phosphorus(III) chloride to give 
0 
3C10H2P(OCH2C1)2+ 2PC13—>3C1CH2P0C12 + 2P(0CH2G1)5 . 
The P(0CH2C1)^ formed in this last step then proceeded by the 
reactions expressed in the preceding equations. 
C. Preparation of 
N,N,N' ,Nr-Tetrakis-(phosphonomethyl) -1,2-Cyclohexanediamine 
The preparation of CDTMP was accomplished by reacting 
chloromethylphosphonic acid with 1,2-cyclohexanediamine in 
basic solution. The product was isolated and purified as 
the octasodium salt. 
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1. Materials and apparatus 
o _ o  
Chloromethylphosphonic acid. M.p. 84 -85 C. Prepared 
in this laboratory according to the procedure outlined above. 
1,2-Cyclohexanediamine. Obtained from Geigy Industrial 
Chemicals, a division of Geigy Chemical Corporation, New 
York. This material was furnished as the sulfate salt. 
Analysis for sulfate by the classical precipitation with 
barium chloride (72) indicated that the diamine:sulfate ratio 
was 1:1. Sulfate content: theoretical, 15.10%; found 15.19%. 
All other materials used were reagent grade. 
The reaction flasks and their appurtenances were construc­
ted of Pyrex brand glass and were fitted with standard-taper 
ground-glass joints. 
Electric heating mantles $ manufactured by the Glas-Col 
Apparatus Company, Terre Haute, Indiana, were used to main­
tain the desired temperatures. 
2. Procedure 
It was found convenient to carry out the synthesis of 
CDTMP in batches containing 0.5 mole of 1,2-cyclohexanediamine 
and slightly more than 2 moles of chloromethylphosphonic acid. 
An amount of the diamine weighing 106 g. was dissolved 
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in approximately 500 mis. of 15% (weight/volume) aqueous 
sodium hydroxide. This was extracted with 600 mis. of ethyl 
ether in four portions of 200 mis, 200 mis, 100 mis, and 
100 mis. The ether was removed by distillation to leave the 
free diamine, which was a pale yellow, oily liquid. 
Approximately 275 g. of chloromethylphosphonic acid 
(the mole ratio of acid to diamine should be slightly more 
than 4:1) were dissolved in 600 mis. of water to give a 30% 
(weight/volume) solution. Sodium hydroxide pellets were 
added slowly and with constant stirring until a pH of 10-11 
was obtained. Considerable heat was evolved and it was neces­
sary to exercise caution to prevent the reaction from getting 
out of hand. When the desired pH had been obtained, the solu­
tion was saturated with sodium carbonate. 
The free diamine was placed in a 3-neeked round-bottom 
flask of 3-liter capacity and 75 mis. of water were added. 
The pH was adjusted to 10-11 with sodium hydroxide. The flask 
was fitted with a heating mantle, reflux condenser, and addi­
tion funnel. The aqueous diamine solution was then heated to 
boiling and the chloromethylphosphonic acid solution was added 
at the rate of about 20 mis. per minute by means of the addi­
tion funnel. When all the acid had been added, the heat was 
adjusted to give moderate refluxing and the reaction was 
allowed to proceed for about 90 hours. 
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At the end of the reflux period, the reaction mixture 
was allowed to cool to room temperature and was transferred 
to a large beaker. Concentrated hydrochloric acid was added 
with stirring until the pH was lowered to 6.5; the solution 
was filtered to remove any precipitate present. The filtrate 
was evaporated on a steam bath until a thick syrup was ob­
tained. Approximately 250 mis. of water were added and the 
mixture was stirred for 10 minutes. It was then heated to 
just below the boiling point and allowed to come to room 
temperature with occasional stirring. At this point, the 
reaction mixture contained two phases; a solid phase that was 
principally sodium chloride and a liquid phase that contained 
the desired product. It was filtered, the residue discarded, 
and the filtrate treated further as below. 
The filtrate was placed in a 2000-ml. beaker and an 
amount of absolute ethyl alcohol about equal to the volume 
of the filtrate was added. Two liquid phases resulted. The 
upper phase was alcohol and the lower and heavier phase con­
tained the product. This mixture was stirred and the phases 
allowed to separate; the upper phase was decanted. An addi­
tional portion of alcohol, approximately equal in volume to 
the first was added and the above process repeated. Successive 
portions of alcohol were added, followed by stirring and de-
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cantation until the lower phase had become jelly-like in 
character. Then, another volume of alcohol was added and 
the mixture was stirred until it had the consistency of putty. 
This solid was dissolved in as little water as possible 
without heating and treated with decolorizing charcoal until 
a water-white filtrate was obtained. This usually required 
three or four treatments. The alcohol-precipitation procedure 
described above was repeated. The product was tested for the 
presence of chloride by the addition of a few drops of nitric 
acid followed by silver nitrate, and if this test proved posi­
tive, the dissolution-precipitation procedure was repeated a 
third time. Generally, this served to remove all the chloride 
and presumably the other inorganic materials that were present 
in the original reaction mixture. 
The product as obtained at this stage was a mixture of 
various partially-neutralized forms of CDTMP; there are eight 
replaceable hydrogens in the acid form. It was once again 
dissolved in a minimum amount of water and 1 g. of sodium 
hydroxide was added for every 10 g. of product. The alcohol 
precipitation was repeated as before. This time, after a 
putty-like solid was obtained, it was treated further with 
alcohol and stirring until it became somewhat crystalline in 
character. This was washed with about one liter of absolute 
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ethyl alcohol in eight or ten portions to remove any excess 
sodium hydroxide present» 
The product was transferred to a crystallizing dish and 
placed in a vacuum desiccator containing phosphorus(V) oxide. 
After a period of about 60 hours, it was removed and placed 
in a tightly-closed container. The material was a white, 
rather hygroscopic solid. The yield was approximately 45%. 
D. Analysis of 
N,N,1N î ,N'-xetrakis-( phosphonomethyl) -1,2-Cyclohexanediamine 
Characterization of the prepared compound was accomplish­
ed by analysis of the octasodium salt for sodium and phosphorus 
and by the preparation of the octapotassium salt and subse­
quent analysis of this for potassium. These three analyses 
were considered significant enough to preclude the necessity 
of determining the carbon, hydrogen, and nitrogen content of 
the compound. 
1. Analysis of sodium salt 
Prior to analysis, samples of CDTMP were dried in an 
Abderhalden-type drying apparatus. This device, manufactured 
of Pyrex brand glass, consists of four parts: a sample cham­
ber, a desiccant chamber, a solvent container, and a reflux 
condenser. The necessary heat is provided by an organic sol­
vent boiling in the proper range. The vapors from the heated 
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solvent enter a chamber surrounding the sample compartment 
and then enter the reflux condenser. The desiccant contain­
er also has a connection for a vacuum line; hence the drying 
procedure can be carried out under reduced pressure, at an 
elevated temperature, and in conjunction with any drying 
agent desired. 
For the purposes of this study, boiling xylene (boiling 
range 127°-140°C, manufactured by the General Chemical Divi­
sion of Allied Chemical and Dye Corporation, Hew York) was 
used as the source of heat. A water aspirator provided the 
reduced pressure, and phosphorus(V) oxide was the desiccant. 
Samples of the octasodium salt of CDTMP were dried for 24 
hours. 
a=, Method for phosphorus. Essentially, the method 
used involved decomposing a sample of CDTMP in a Parr Bomb, 
acidifying the melt, and titrating potentiometrically with 
a standard solution of base. The titration curve possessed 
two inflection points ; the difference between these two was 
a measure of the phosphorus present. 
A sample of CDTMP weighing about 0.2 gram was placed 
in the fusion cup of a Parr Bomb. Finely powdered sucrose 
was added in an amount such that the volume of the sucrose 
was approximately the same as the volume of the original 
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sample. These were mixed thoroughly and 15 grams of sodium 
peroxide were added. The Bomb was assembled and ignition 
was accomplished by means of a Meker burner, according to the 
directions furnished with the Bomb. After quenching in cold 
water, the Bomb was open and the melt was quickly removed by 
washing with water. The pH was adjusted to about 2 with 
hydrochloric acid and the solution was then titrated with 
standard sodium hydroxide. The course of the titration was 
followed by a Beckman Model G pH meter equipped with calomel 
and glass electrodes. 
Two breaks were evident in the titration curve. The 
first represented the titration of the hydrochloric acid pres­
ent plus the first proton of the phosphoric acid that had 
been formed when the melt from the Parr Bomb was acidified. 
The second break represented the second proton of the phosphor­
ic acid, Therefore, the difference between the first and 
second breaks was a measure of the phosphoric acid and hence 
of the amount of phosphorus in the sample. A sample titration 
curve is shown in Figure 1. Table 2 summarizes the results 
of the analyses. 
b. Method for sodium. If an organic compound contains 
only one metal, the most common method of analyzing for that 
metal is by the ashing technique (141). This is a relatively 
simple procedure and is most generally carried out on a micro 
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Figure 1. Sample titration curve for determination 
of phosphorus in CDTMP following Parr 
Bomb decomposition 
Table 2. Analysis of octasodium salt of 
N,IT,M1,rH-tetrakis-(phosphonomethy1)-1,2-cyclohexanediamine for 
phosphorus 
Sample Sample v/t. Vol, base consumed '"eight phosphorus Percent 
No. in prams between 1st and 2nd in grams Phosphorus 
inflection points8 
1 0.2001 8.4 nils. 0.0371 18.34 
2 0.1988 8.3 mis. 0.0368 18.31 
3 0.1990 8.3 mis. 0.0368 18.49 
4 0.1978 8.4 mis. 0.0371 18.73 
5 0.1999 8.6 nils. 0.0381 19.07 
Average - 18.66% P; Theoretical - 18.39% P 
^Normality NaOH = 0.14)0 
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scale. In essence, the procedure consists of treating the 
substance with sulfuric acid, heating in a muffle until the 
acid is driven off, and igniting the residue at red heat. 
The residue is the metallic sulfate. In the case of com­
pounds containing gold, silver, or platinum, no sulfuric is 
added; the residue is simply the free metal. With such 
metals as copper and iron, a little nitric acid is also 
added, and the final weighing form is the metallic oxide. 
The ashing technic is not applicable if the organic 
compound contains phosphorus (10))• The phosphorus-
containing acids formed when sulfuric acid is added to the 
sample are not completely driven off. Hence the final 
weighing form is an indefinite mixture. 
The direct determination of sodium by wet methods 
represents one of the more difficult problems of analytical 
chemistry. In 1928, Barber and IColthoff (5) introduced the 
now classical triple-acetate precipitation of sodium. They 
used zinc uranyl acetate as the precipitant. A short time 
later, Caley (15, 16, 17) found that either zinc or mag­
nesium uranyl acetate could be used. 
At best, the triple-acetate method is a poor one, 
as the solubility of the precipitate is fairly great and 
special precautions and procédures must be used. The method 
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is not without interferences, either; the principal concern 
in this study was the interference of the phosphate ion. 
Even though a method has been reported for removing phosphate 
by treatment with zinc carbonate (114), it was felt that 
the organic phosphonate present might exhibit a deleteri­
ous effect. The method finally developed for sodium is 
given below. 
A sample of the octasodium salt weighing approximately 
0.2 gram was dissolved in about 5 mis. of deionized water. 
About 5 mis. of concentrated sulfuric acid were added and 
the sample was heated on a hot plate. As decomposition be­
gan to occur, the solution began to take on a dark brown 
color. A few drops of 30f. hydrogen peroxide cleared this 
up, and additional peroxide was used as necessary to keep 
the solution colorless. After the decomposition of the 
sample was complete, as evidenced by no further tendency 
for the solution to become discolored, the sample was taken 
to dryness and the heating was continued until no further 
fumes of sulfur trioxide were expelled. After cooling, 
about 50 mis. of deionized water were added and the mixture 
was warmed as necessary to effect complete solution. Gen­
erally about 15 or 20 minutes at incipient boiling were 
necessary to bring this about. This solution was titrated 
with standard sodium hydroxide to the phenolphthalein end 
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point. The titrated sample was then passed through a 
Dowex-50 cation exchange column in the hydrogen form and the 
effluent was again titrated with standard sodium hydroxide 
to the phenolphthalein end point. 
The first titration was a measure of the excess acid 
present in the decomposed sample ; the second titration was 
a measure of that same amount of acid plus the hydrogen 
ions produced by the sodium upon passage of the sample 
through the cation exchange column. Hence, the difference 
in the two titrations was a measure of the amount of sodium 
in the sample. Table 5 summarizes the results of these 
analyses. 
2. Analysis of potassium salt 
In spite of the agreement between the theoretical and 
calculated percentages of sodium, it was decided to prepare 
some potassium salt of CDTMP and analyze this for metal con­
tent. Basically, the method used for the analysis of sodium 
could have easily been subject to considerable error, as the 
final answer depended upon the difference of two numbers of 
approximately the same magnitude. This was an unavoidable 
circumstance, as it was impossible to remove a sufficient 
amount of the sulfuric acid by fuming to lower the volume 
of base required for the first titration to a more desirable 
value. 
Table 3. Analysis of octasodium salt of 
N,N,NT,N'-tetrakis-(phosphonomethyl)-1,2-cyclohexanediamine for sodium 
Sample 
no. 
Sample wt. 
in grams 
mis. base 
for 1st 
titration 
mis. base 
for 2nd 
titration 
Difference be­
tween 1st and 
titrations8 
2nd Weight Na, 
in mg. 
Percent 
Na 
1 0.1992 29.77 46.80 17.03 55.97 28.04 
2 0.2091 27.40 44.96 17.56 55.71 27.59 
3 0.2072 33.48 51.05 17.57 55.75 27.87 
4 0.1991 37.38 54.17 16.79 55.18 27.70 
5 0.2030 40.87 57.80 16.93 55.65 27.42 
Average - 27.72i Na; Theoretical = 27.62% Na 
aNormality NaOH = 0.1430 
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a. Preparation of potassium salt. Àn attempt was 
made to prepare some of the octapotassium salt of CDTMP by 
reacting c hlorome t hyIp ho s phon i c acid with 1,2-cyclo­
hexanediamine using potassium hydroxide and potassium 
carbonate to maintain the pH of the reaction solution. By 
this procedure, which was in every other way identical with 
that given previously for the preparation of the sodium salt, 
no sodium ions were intentionally introduced into the mix­
ture. However, this method met with failure during the 
alcohol-precipitation step. It was found to be impossible 
to separate the desired compound from the potassium chloride 
also present in the mixture. In the case of the preparation 
of the octasodium salt, the sodium chloride present was sol­
uble enough in the absolute alcohol that several precipita­
tions separated it from the desired product. This was not ... 
true of potassium chloride (43). 
To obtain a sample of the octapotassium salt of CDTMP, 
a weighed amount of the octasodium salt was dissolved in 
about 50 mis. of deionized water. This was passed through 
a Dowex-50 cation exchange column in the hydrogen form. The 
sample and the washings were evaporated to about 100 mis. 
Enough potassium hydroxide was added to this solution of 
the free acid to convert it entirely to the octapotassium 
salt and at the same time maintain a slight excess of base. 
The addition of absolute ethyl alcohol in a manner analogous 
to that prescribed for the precipitation of the octasodium 
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salt gave a precipitate of the octapotassium salt. 
However, this precipitate was not without certain dis­
advantages. It was impossible to obtain this in a form less 
tenuous than a jelly. The drying process was especially 
difficult, for the material exhibited the pronounced tenden­
cy to froth and foam and expand to many times its original 
volume. The following drying procedure was finally devised. 
A sample of the jelly was placed in a rather large 
evaporating dish and put into an oven maintained at 100°-
110°G. After about an hour at this temperature, all the 
frothing had ceased and the compound was somewhat crusty in 
character. This material was transferred to an Abderhalden 
apparatus and the drying process was continued employing 
boiling xylene (b.p. 137°-140°) as the source of heat and 
phosphorus(V) oxide as the desiccant. A water aspirator 
furnished the necessary reduction in pressure. These condi­
tions were maintained until consumption of the drying agent 
stopped; this required three or four hours. Then, benzyl 
alcohol (b.p. 200°-201°C) replaced the xylene and the drying 
was continued for another two or three hours or until no 
more desiccant was used. The isolated compound was a 
hygroscopic white solid. 
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b. Method of analysis. The sodium, tetraphenylboron 
method of Sporek and Williams (140) was used for the de­
termination of potassium. The following special solutions 
were required for this analysis. 
Sodium tetraphenylboron solution. A 1% (weight/volume) 
solution was prepared by dissolving 5 g. sodium 
tetraphenylboron (J.T. Baker Chemical Company, Phillipsburg, 
New Jersey) in 500 mis. of water containing enough sodium 
hydroxide to make the solution approximately 0.01 normal in 
base. 
Wash solution. Deionized water was saturated with pure 
potassium tetraphenylboron. This solution must be freshly 
prepared for a series of analyses. 
The procedure followed for the determination of potassium 
was this : A sample of the carefully-dried octapotassium salt 
of CDTMP weighing 40 or 50 mg. was dissolved in about 50 ml. 
of deionized water. Three milliliters of concentrated 
hydrochloric acid were added and the beaker containing the 
sample was placed in an ice bath for about 10 minutes. When 
the solution was cold, 25 mis. of the 1% sodium tetraphenyl­
boron solution that had previously been cooled to approxi-
o 
mately 0 G were added and the solutions were mixed by gentle 
swirling. The solution was allowed to remain in the ice 
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bath for another 10 minutes and its contents were then 
filtered through a medium-porosity sintered-glass filtering 
crucible that had been previously brought to a constant 
weight. The precipitate was washed with four 10-ml. por­
tions of the wash solution and was dried for 2 hours at 
110°-120°C. One gram of potassium tetraphenylboron con­
tained 0.10912 g. of potassium. Table 4 presents the re­
sults of the series of analyses. 
3» Isolation of free acid 
Up until now, the compound had always been isolated 
in the form of one of its salts. It was considered desirous 
to see if the free acid could be obtained in a tractable 
form. Repeated attempts to precipitate the free acid from 
the initial reaction mixture met with failure. In these ex­
periments, the procedure described for the isolation of the 
octasodium salt was followed up to the addition of absolute 
ethyl alcohol. At this point, the pH of the reaction mix­
ture was lowered to about 1.5 by the addition of concen­
trated hydrochloric acid. Since the addition of absolute 
ethyl alcohol failed to produce any precipitate, other or­
ganic solvents were used both singly and in combination: 
acetone, ethyl acetate, chloroform, diethyl ether, methanol, 
benzene, carbon tetrachloride, and trichloroethylene. These 
likewise produced no results. 
Table 4. Analysis of octapotassium salt of 
N,N,Nf,NT-tetrakis-(phoaphonomethyl)-1,2-cyclohexanediamine for potassium 
Sample Sample wt., Wt. precipitate, Wt. potassium, Percent 
no. in mg. in mg. in mg. potassium 
1 41.51 152.68 16.66 39.19 
2 40.44 145.89 15.92 59.37 
3 57.66 208.39 22.74 39.44 
4 43.43 157.35 17.17 39.54 
5 48.54 173.94 18.98 39.10 
Average = 39.33%; Theoretical = 39.29% K 
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A sample of the octasodium salt of CDTMP was passed 
through a cation exchange column that was in the hydrogen 
form. The effluent and washings were then evaporated to 
near-dryness on a steam bath. At this point, a thick syrup 
was obtained and continued heating produced no additional 
change. The syrup was transferred to a glazed porcelain 
boat which was placed in an Abderhalden drying apparatus. 
Boiling benzyl alcohol (b.p. 200°-201°C) was used as the 
source of heat and phosphorus(V) oxide was put in the desic­
cant chamber. A water aspirator provided the vacuum. Pro­
longed heating under these conditions produced nothing more 
than a glass-like substance which was very hygroscopic and 
rapidly turned to syrup upon exposure to air. 
It was felt from this work that the attainment of the 
free acid per se would not be practical, The isolation of 
a glass or syrup had no advantages and the hygroscopic 
character was a distinct disadvantage. From this standpoint 
the decision was made to work only with the octasodium salt. 
Of the three forms isolated, this one was the most easily 
obtainable in pure form and also was the least hygroscopic. 
The molecular weights of the three forms were calcu­
lated and found to be the following: Free acid * 490.2? ; 
octasodium salt = 666.10; and octapotassium salt = 794.97. 
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E. Titrations of Octasodium Salt of 
N,N,N* ,N'-Tetrakis-(phosphonomethyl) -1,2-Cyclohexanediamin© 
Because of the eight replaceable hydrogens present in 
the acid form of CDTMP, acid-base titrations of the compound 
could prove to be of considerable interest. Since the pure 
form of the octasodium salt had been realized, titrations 
could be most easily performed on this material, and it was 
possible to obtain the same information from these as from 
the titration of the free acid. 
1. Aqueous titrations 
Four samples of the octasodium salt were titrated in 
aqueous solution with standard hydrochloric acid. A summary 
of these results is given in Table 5, and Figure 2 represents 
the type of titration curve obtained. A Beckman Model G- pH 
meter (manufactured by Beckman Instruments, Inc., Fullerton, 
California) equipped with glass and calomel electrodes was 
used to measure the pH of the solution during the titration. 
In Figure 2, the pH was plotted versus the moles of 
acid added per mole of octasodium salt initially present. 
This choice of abscissa indicated that the two breaks in the 
titration curve occurred at values of 2 and 6. Even though 
the titrations done here involved the octasodium salt of 
CDTMP, it is more convenient to discuss their interpretation 
Table 5. Aqueous titration of octasodium salt of 
N,N,Nf,N'-tetrakis-(phosphonomethyl)-1,2-cyclohexanediamine 
Sample 
no. 
Sample wt., 
in grams 
mis. HC1 for 
1st break8 
mis. H01 for 
2nd break 
Moles HC1 per 
mole CDTMP at 
1st break 
Moles HC1 per 
mole CDTMP at 
2nd break 
1 0.2489 7.20 21.44 1.982 5.907 
2 0.25)2 7.20 21.86 1.951 5.917 
3 0.2080 5.95 17.85 1.965 5.884 
4 0.2623 7.50 23.05 1.957 6.021 
^Normality HC1 = 0.1028 
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Figure 2. Aqueous titration of octasodium salt of 
CDTMP 
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in terms of the free acid. Were this easily isolated, it 
could be titrated with standard base in the same manner as 
described above, and the curve obtained would likewise pos­
sess inflection points at values corresponding to 2 and 6 
moles of base added per mole of acid initially present. 
This information lends itself to the following interpreta­
tion. 
A double-dipolar structure, as indicated by (A) of 
Figure 3 represents the free acid in solution. The first 
break in the titration curve represents the consumption of 
two moles of base per mole of acid, and the species present 
at this point is indicated by (B) of Figure 3. Here, the 
two most acidic protons have been removed. These were 
originally on the phosphonic acid groups that contained two 
protons each, as shown in (A). This gives rise to a weak 
buffer region, and the removal of the protons remaining on 
the phosphonic acid groups is represented by only one break 
since they are about of the same acid strength. Hence, the 
species present at the second break in the titration curve 
is shown in (C) of Figure 3. The two protons attached to 
the nitrogens are too weakly acidic in character to give a 
break in the titration curve. The completely neutralized 
compound is represented by (D). 
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2. Nonaqueous titrations 
The interest in nonaqueous titrations of the octasodium 
salt of CDTMP was originally prompted by the possibility of 
obtaining a titration curve containing more than two breaks, 
or at least containing evidences of more than two breaks. 
Salts of weak acids (NaA) react with a strong acid, the 
weaker acid (HA) being displaced: 
NaA 4- H —> Na -t- HA 
Quantitative titration of the salt is possible if the acid 
which is liberated is sufficiently weak (46). In water, 
the number of salts that can be determined by this method 
is comparatively few. However, in nonaqueous solvents, the 
alkali salts of many acids can be titrated very accurately. 
Markunas and Biddick (95) used glacial acetic acid as a 
solvent and a solution of perchloric acid in acetic acid for 
the titrant. This solvent and titrant were used for this 
study, also. 
To measure the potential during the course of the 
titration, a Beckman Model G pH meter, equipped with glass 
and calomel electrodes was used. The titrant was prepared 
by dissolving about 4 mis. of 12% perchloric acid in 500 
mis. of glacial acetic acid. This was standardized by 
titrating weighed samples of primary standard potassium acid 
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phthalate which had been dissolved in glacial acetic acid. 
Two samples of the octasodium salt of CDTMP were dis­
solved in glacial acetic and were titrated. Figure 4 rep­
resents the type of titration curve obtained, and the data 
for one of the titrations are given in Table 6. 
Again in Figure 4, the abacissa represents moles of 
perchloric acid added per mole of sodium salt originally 
present. In this case, it is seen that the only break in 
the titration curve corresponds to 8 moles of acid consumed 
per mole of sodium salt. 
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Table 6. Nonaqueous titration of octasodium salt of N,*_ 
tetrakis-(phosphonomethyl)-1,2-cyclohexanediamine 
moles titrant moles titrant 
mis. 
HCIO4 
per mole sam­
ple 
milli­
volts 
mis. 
HOIO4 
per mole sam­
ple 
milli 
volts 
0.00 0.000 452 14.40 7.733 623 1.00 0.537 459 14.50 7.787 630 1.50 0.806 462 14.60 7.840 637 2.00 1.074 466 14.70 7.894 644 2.50 1.343 469 14.80 7.948 652 
3.00 1.611 470 14.90 8.001 660 3.50 1.879 471 15.00 8.055 666 4.00 2.148 476 15.10 8.109 673 4.50 2.417 478 15.20 8.162 679 5.00 2.685 480 15.30 8.216 684 
5.50 2.954 484 15.40 8.270 689 6.OO 3.222 488 15.50 8.324 694 6.50 3.496 491 15.60 8.377 699 7.00 3.759 495 15.70 8.431 702 
7.50 4.028 499 15.80 8.485 705 
8.00 4.296 501 16.00 8.592 711 8.50 4.565 507 16.20 8.699 717 9.00 4.833 510 16.40 8.807 720 9.50 5.102 517 16.60 8.194 724 10.00 5.370 521 17.00 9.129 730 
10.50 5.639 528 17.50 9.398 736 11.00 5.907 533 18.00 9.666 740 11.50 6.176 540 18.50 9.935 742 12.00 6.444 550 19.00 10.203 744 
12.50 6.713 560 20.00 10.740 748 
13.00 6.981 570 21.00 11.277 749 
13.30 7.142 578 22.00 11.814 750 
13.50 7.249 583 23.00 12.351 750 
13.80 7.411 593 24.00 12.888 750 14.00 7.518 601 25.00 13.425 750 
14.20 7.625 610 
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CDTMP 
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IV". APPARENT IONIZATION CONSTANTS OF 
N,N,Ni ,N»-TETRAKIS-(PHOSPHONOMSTHTL)-1,2-CYCLOHEXANBDIAMINB 
The method used for the determination of the eight 
ionization constants of the acid form of CDTMP was an ex­
tension of a procedure first suggested by Schwarzenbach, 
Willi, and Bach (139). They used a single pH titration of 
EDTA to determine its four ionization constants; the 
titration curve obtained possessed two inflection points. 
In this study, it was necessary to determine eight ioniza­
tion constants from a titration curve also possessing only 
two breaks. The theoretical approach was the same, although 
the mathematics were considerably more complex. 
In this work, a solution of sodium hydroxide was used 
to titrate the acid form of CDTMP to obtain the titration 
curve from which the data necessary for the calculation of 
the ionization constants were taken. Most of the procedures 
reported in the literature specify the use of potassium 
hydroxide in order to make as small as possible any effect 
arising from chelation between the complexing agent under 
study and the alkali metal. The selection of sodium hydroxide 
for this study was based on several factors: Since CDTMP 
had been isolated and purified in the form of the octasodium 
salt, it was considered pointless to use a solution of 
potassium hydroxide as a titrant, for sodium ions would be 
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present in the solution anyway. The difficulties involved 
in obtaining, purifying, and handling the octapotassium 
salt made it an impractical form to use except as a last 
resort. A careful comparison of the titration curves ob­
tained when an acidic solution of the octasodium salt was 
titrated with sodium hydroxide and when an acidic solution 
of the octapotassium salt was titrated with potassium hydrox­
ide and when an acidic solution of the octapotassium salt was 
titrated with potassium hydroxide showed these curves to be 
identical; point for point, the pH values obtained were the 
same, within the limits of readability of the pH meter. Also, 
the use of the octasodium salt made it possible to use sodium 
perchlorate to maintain a constant ionic strength; whereas 
the use of the octapotassium salt would have necessitated the 
use of potassium chloride for this purpose. The absence of 
the chloride ion was considered a distinct advantage in the 
work concerning the determinations of the stability constants 
of some metal complexes of CDTMP reported in a subsequent 
section. 
A. Materials and Apparatus 
1. Solutions of CDTMP 
The CDTMP used in this work was the final purified 
product as prepared in Section III C. Solutions were pre­
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pared that were approximately 1.5 x 10 in CDTMP. Since 
the octasodium salt was used, it was necessary to add enough 
perchloric acid to each solution to convert this salt to the 
free acid form of the compound. Nineteen milliliters of 
0.1 N perchloric acid were sufficient to do this and at the 
same time allow a slight excess of acid. The solutions were 
standardized by titration with sodium hydroxide. An ionic 
strength of 0.1 was maintained by the use of sodium 
perchlorate. 
2. Carbonate-free sodium hydroxide solution 
A stock solution was prepared by dissolving about 100 g. 
of sodium hydroxide in 100 mis. of deionized water. The 
sodium carbonate was allowed to settle and a portion of the 
clear supernatant liquid was taken for dilution to the desired 
concentration. This diluted solution was stored in a poly­
ethylene bottle and was protected from atmospheric contamina­
tion by a tube containing "Ascarite." It was standardized 
against weighed samples of primary-standard potassium acid 
phthalate. 
3» Sodium perchlorate 
All sodium perchlorate used in this work to maintain 
the ionic strength was purified by twice recrystallizing it 
from water and drying for 12 hours at 150°C. The dried 
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material was stored in a desiccator over magnesium perchlorate. 
4. Buffer solutions 
A series of buffer mixtures were prepared according to 
directions given by Bates (6). 
a. Potassium hydrogen tartrate. The salt was dried for 
3 hours at 110°C. One liter of a saturated solution was pre­
pared by shaking about 50 g. of the salt with 1000 mis. of 
deionized water for several hours. The pH at 25°C -was 3.56» 
b. Potassium hydrogen phthalate. The salt was dried 
for 3 hours at 110°C and a 0.05M solution was prepared by 
dissolving 10.21 g. of the salt in 1000 ml. of deionized water. 
The pH at 25°C was 4.01. 
c. Potassium dihydrogen phosphate-disodium hydrogen 
phosphate. A solution containing equimolar amounts of each 
salt (0.025 M in each) was prepared by dissolving 3.44 g. 
of potassium dihydrogen phosphate and 3.55 g. of disodium 
hydrogen phosphate in 1000 mis. of deionized water. The 
salts were dried for 3 hours at 110°C before use. The pH 
at 25°C was 6.86. 
d. Sodium tetraborate. The borax used (NagB^O^LOHgO] 
to prepare this buffer was not dried. An amount weighing 
3.81 g. was dissolved in 1000 mis. of freshly-boiled 
deionized water. The pH at 25°C was 9«18. 
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5. Titration assembly 
All pH measurements were made with a Beckman Model G 
pH meter equipped with a Beckman type E glass electrode 
(useful without correction over the entire pH range) and 
a Beckman saturated calomel electrode. Both were for use 
external to the meter. 
A 5-rnl. Machlett buret was calibrated by weighing the 
water delivered at the nominal-volume markings. 
The titration cell was a 180-ml, beaker. A rubber 
stopper provided with holes for the electrodes, buret tip, 
helium gas inlet, and outlet tubes closed the top of the 
cell. Stirring was accomplished by means of a small glass-
covered iron bar activated by a conventional magnetic stir­
rer located under the titration cell. 
Control of the temperature during the course of a 
titration was accomplished by carrying out the work in a 
room that had special temperature controls. The temperature 
of the room was maintained at 25 1°C, and it was found that 
this amount of variation did not make a detectable differ­
ence in the reading of the pH meter. It was not necessary 
to employ a special thermostatted titration cell. 
The titration apparatus was mounted on a metal frame, 
and this frame, the magnetic stirrer, and the pH meter were 
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all connected to a common ground. The readings of the pH 
meter were perfectly steady and there was no fluctuation 
caused by any outside interferences. 
Helium gas (99*99%) saturated with water vapor was 
used to exclude carbon dioxide from the system. 
B. Measurement of pH 
Throughout this work; pH is defined as the negative 
logarithm of the hydrogen ion activity. Since the measure 
of individual ion activities is impossible thermodynamica1ly 
due generally to unknown liquid junction potentials, the 
best approach to pH measurement is to make approximations 
of this junction potential. Bates (6) has made a careful 
study of this and it has been on the basis of such informa­
tion that standard buffer solutions have been defined. These 
pH values agree with the best published results to within 
0.01 pH unit. Thus, if a pH meter is standardized with these 
buffers at a given temperature, the measured pH of an unknown 
solution at the same temperature will give the negative log­
arithm of the hydrogen ion activity to 0.01 pH unit. 
During the course of these measurements, the previously 
described buffer solutions were used to standardize the pH 
meter. The instrument was checked against the phosphate 
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buffer, and the pH of each of the three remaining buffer 
solutions could be reproduced within the reading error of 
the meter. 
In a study of this nature in which concentration con­
stants were desired, it became necessary to convert pH from 
activities to molar concentrations. Bates reports that 
under very restricted conditions the measured pH can be ex­
pected to approach the true activity of the hydrogen ion. 
The principal restriction is that the solutions measured 
should match the buffers used as references; that is, they 
should be aqueous solutions with ionic strengths between 
0.01 and 0.1. Under these same conditions, the Dehye-
rt 
Huckel equation can be used to calculate the hydrogen ion 
activity coefficient with reasonable accuracy. The Debye-
ii 
Huckel equation is given by 
Az2 -/)T 
— log f — 
1+ Ba VpT 
where f is the hydrogen ion activity coefficient, z is the 
charge of the hydrogen ion or 1, 3 is the ionic strength, 
a is a parameter sometimes referred to as the "distance of 
closest approach," and A and B are constants depending on 
the solvent and temperature. In this work the ionic strength 
was maintained constant at 0.1, the temperature was main­
tained constant at 25°C, and aqueous solutions only were used, 
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I.»# particular point on tué ui ux-a uiun curve can oe 
defined in terms of the total concentration of CBTMP ( Gs), 
the hydrogen ion concentration (calculated from the pH 
measurement), the moles of base added per mole of CBTMP (b) 
the eight ionization constants of CBTMP, and the various 
ionic species of CBTMP present in the solution 
( iBgR] , , [HgR"^] , [TiR"^ 
and In order to simplify the derivations, only IC 
and Eg need to be considered up to the first break. In the 
region between the two breaks, only Zj, I*4,. and need 
be taken into account. After the second break, all except 
Kq and Eg can be neglected. Of course, this means that the 
accompanying ionic species can be ignored in the appropriat 
regions, and this aids in the calculations. 
1. Calculation of and Kg 
In the region of the titration curve between b - O and 
b - 2, only the constants E]_ and Eg need be considered. 
Likewise, the only ionic species of CBTMP that need be 
taken into account are [HgR],[EyR], and[H^R]. On this 
basis, it is possible to write the following equations : 
• ST 
•4?or purposes of simplification, later references to 
these specie s will omit the usual indication of the sign 
and magnitude of the charge on the ions. 
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JCV, _ [H] [H6R] 
LH?R] (2) 
Cg =[HgRl+[H7R]+[H6Rl (3) 
LH3 = [H7R> 2tH6R] - bCg+[0H]. (4) 
Equations 1 and 2 define the desired ionization constants 
while equation 3 is an expression for Cs# Equation 4 defines 
the hydrogen ion concentration and is also an expression for 
the balance of electrical charges. 
Equation 4 may be rearranged to give 
[H] + bCg - [OH] = [H?R] 4- 2[E6R3 (5) 
and this is divided by equation 3 to yield 
k-i. [ffl - COH] . CH7E]t2[HéH] 
Co 
( 6 )  
s [HgR]+[H7R>[H6R] 
Equations 1 and 2 can be rewritten in the following 
manner: 
[H R] = LHpR] (7) 
7 [Hj 
[H,R] = K% [HnR] . ( 8) 
6 [H] ' 
Combination of equations 7 and 8 eliminates the [H^R]term 
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fH/Ri - K1K2 rHpRl . (9) 
6 [H] 2 8 
Substitution of equations 9 and 7 into equation 6 leads to 
the expression 
K1 [BUR] + 2K1K2 [HqR] 
b+'ISl - torn _ CE] Df 
° °s [HnR]t£l_LHpR] [EpR] 
ti [HJ ti 0 
and this can be rearranged to 
b+lil - im „ 
°S °S 
(K1 , 2KAx jlHgR] \ [HJ rffl2 . (10) 
K1 
+ K 1! 2  ) [H8R3 
z"
- s I 1 (H]2 
Letting (b+JSL - J5Sl]= g, and thus simplifying and re-
V cs °s ' 
writing equation 10 gives the following: 
*1 ., K1K2 . = K1 , K1K2 • (11) 
[H] 1H]2 [H] mi2 
Combining terms results in the final form of the equation 
g + (g_l)J^L_ + (g_2) ElÏ2 = o (12) 
IH] [EJ2 
The only unknown terms in equation 12 are the two ion­
ization constants ; hence two sets of values of Cg, JD, and pH 
will allow the solution of two simultaneous equations for 
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the individual values of Kj and Kg. 
2. Calculation of K4, K^, and K^ 
Data taken from the region of the titration curve be­
tween the two breaks (that is, between b = 2 and b = 6) can 
be used to determine the numerical values of K^, K4, K^, and 
K£. The approach to the problem is the same as in the pre­
ceding section, except for the fact that there are now eight 
unknowns and only four equations. Thus, four sets of data 
are needed instead of two. 
The equations defining the several ionization constants 
are these: 
K3 = CHI [Htff] (13) 
[E&R] 
K = on CH4R] 
4 [H5R3 ( 14) 
K = [H] CH3R3 
CH4R] 
K6 = [H] [HpR] 
[H3R] 
The expression for CS is 
c s  = [H6R] + LH^R] +- LH4R] + [H5R] +- [H2R3 .  
(15) 
(16) 
(17) 
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and the charge-balance or hydrogen Ion equation is 
[E] = 2 LHéR] + 3 [H^R] + 4 [H4R] + 5 [H^R] +-6 [HgRj - bGg+- LOHJ . {3.8) 
Rewriting equation 18 gives the following expression: 
m * bCg -[OH] = 2 [HéRj+ 3 [H5R]+-4LH4R] + 5 [H3R) >6CH2R] . (19) 
Division of equation 19 by equation 17 gives 
Kj. [h] _tog] = . (2q) 
°s °s tH^R] + LH5H] +tH?R] + m2Rl 
Equations 13, 14, 13, and 16 can be combined to express the 
various ionic species in terms of the individual ionization 
constants, powers of H , and E^R . The results of such 
manipulations are given in ttese equations: 
EH-S1 = JEl_ [E/R] (21) 
5 [E] b 
[H4R1 = J%L LEzR] (22) 
LB] 2 
[H3R] = k3k4k5 LEéR3 (23) 
LEI5 
lE2R] = K3K4jC3K6 [H Rj e ( 24) 
[H]4 
Substitution of equations 21 through 24 into equation 
20 gives rise to the following expression: 
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b+j£l - ML = 
°S (25) 
2 Y[Hta 
[H/R]+S LH6R] + K3E4 LH/R] + K5K4K5 [E/Rl 4. K3K4K5K6 [H/R] 
IH] [H]2 [H] 3 LH] 4 
Rearranging equation 23 and substituting g for (b + ~L -
x cs cs ) 
gives the final form of the relationship. 
(26 )  
(g-2Mg-3)Ji f (g-4)Sl+(g-5) K3K4K5 , (g-6)K5K4^5g6 , 0. 
tHl LH12 [HI 3 [H]4 
Since the only unknowns are the four ionization constants, 
four sets of values of Cg, Jb, and pH are required to give the 
necessary number of simultaneous equations. 
3. Calculation of and Kg 
Values for and Kg may be obtained from data derived 
from that part of the titration curve bounded by b » 6 and 
b = 8. These last two protons are rather weak, as evidenced 
by the fact that no break occurs in the titration curve in 
this region. 
The equations for the two ionization constants are 
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K _ LH"J LHRJ 
"7 - 1H2R1 (27) 
and 
Kg = LHl [R3 (28) 
[HR] 
The evaluation of Cg in terms of the ionic species present is 
C3 = [H2ia+IHR]+R (29)  
and the expression for the hydrogen ion concentration is 
LH1= 6CH2R] + 7LHR]+-81R1 - bCs+-L0H3. (30) 
Rearranging equation 30 and dividing it by equation 29 gives 
this expression 
h+LH] _ [OH] _ 6lH2H] +- 7tHR]-^8lR] . (31) 
Cs Cg " IH2R>[HR]^[R] 
Substitution of equations 27 and 28 in equation 31 gives 
rise to the following expression 
6[HoR]+7 k7 IE9R] + 8 r^8 LEM (32) 
b^Igl-ISSls d WJ 2 - mZ 
^3 Cs • K f , K0K [HpR]+_f%_ [HqR] + Y8 LH2R] 
[HJ [H]2 
= (b Letting g - " ,t"'QSJ j and collecting like terms in the 
above equation gives the final form as 
(g-6) + (g-7) =7 +(g-8) K7K8 -0 (33) 
[HI Til5 
Two sets of values of Cg, ]D, and pH are required for the 
